Heat flow into the cutting tool is one of the critical factors in metal cutting which can influence tool wear mechanisms, tool performance, and quality of the machined part, especially in high-speed machining. An investigation was undertaken to determine the fraction of heat that flows into the cutting tool for high-speed machining with coated tools. The cutting tests were performed over a wide range of cutting speeds during which the cutting temperatures were measured experimentally using an infrared thermal imaging camera. The sticking and sliding regions were established from an examination of the tool-chip contact region using scanning electron microscopy and energy-dispersive X-ray analysis. In the finite element model, a non-uniform heat flux was applied to match the experimental data. The heat partition results show that the use of coatings (Ti, Al)N may be more advantageous in high-speed machining than TiN coatings are.
INTRODUCTION
High-speed machining (HSM) can be defined as machining at considerably higher cutting speeds and feed rates than is traditional practice. HSM processes enable high material removal rates, low cutting forces, reduction in lead times, and improved part precision [1, 2] . The challenge in HSM, however, is reduced tool life as a result of high cutting interface temperatures. Therefore, it is necessary to have an understanding of tool temperatures and heat partition in order to determine the optimum cutting conditions. HSM requires special engineered cutting tool materials with extreme hot hardness and improved fracture toughness, as well as resistance to abrasion, thermal shock, adhesion, and diffusion. The use of advanced tool materials with sufficient heat isolation between the chip and the tool results in the development of dry machining for typical cutting operations. Currently coatings of different structures containing layers of titanium carbide, titanium nitride (TiN), titanium carbonitride (Ti(C, N)), aluminium oxide (Al 2 O 3 ), and titanium aluminium nitride ((Ti, Al)N) are mostly used in metal cutting [3, 4] . Over the past decades, TiN coatings have gained increasing importance for cutting tools, dies, and many mechanical parts to increase their lifetime and performance owing to their attractive properties such as high hardness, good wear resistance, and chemical stability [5, 6] . More recently, (Ti, Al)N coatings have been developed as hard coatings with excellent properties for high-temperature use [7, 8] .
By 1995, as stated by Cselle and Barimani [9] , there was an industrial trend towards using dry HSM. Nevertheless, major improvements in the performance of high-speed metal-cutting operations can only be achieved by understanding the full potential provided by cutting tool coatings. This requires attention to be focused on the role of the physical and thermal properties of the workpiece and tool materials in achieving the optimum tool-chip contact conditions including tribological and thermal relationships. For HSM which is associated with higher cutting interface temperatures, it is obvious that a more acceptable model must be developed for practical machining applications, in which the temperature dependence of fundamental thermal properties is treated as one of the process variables.
It is well known [10] [11] [12] that heat generated during metal cutting is a critical factor which influences the performance of the cutting tool. According to Grzesik [7] , the maximum working temperature for the tool can be increased by depositing (Ti, Al)N-based coatings because this hard layer maintains the hot hardness up to 800 C. In contrast, the cutting speed for TiN coating with a substantially lower hardness should be reduced because its maximum working temperature is 600 C. These values of maximum working temperature are established from the fact that TiN oxidizes intensively at a temperature higher than 600 C, whereas (Ti, Al)N shows a high oxidation resistance up to 800 C.
An important aspect of dry machining when using coated carbide tools is the partition of the generated frictional heat between elements of the sliding tribopair, consisting of the chip and the coating/ carbide substrate. The prediction of heat partition between the tool and the chip represents a big challenge. It was shown by König et al. [13] that thermophysical properties of Ti(C, N) and (Ti, Al)N coatings on high-speed steel substrate significantly influence heat flow in the coating system. They also suggested that (Ti, Al)N coating offers superior thermal protection to the substrate in turning because it carries the highest value of the heat transmission coefficient [13] . Additionally, since coatings can affect contact conditions, this gives the possibility of design of functionally graded coating systems [14] . Typical examples of such systems include composite films with an Al 2 O 3 intermediate layer which act as a thermal barrier and hard/soft composites as a means of lowering friction. In particular, thermal conductivity and the thermal barrier effect have been found to be the key factors in chip curling [15] and controlling the heat partition in the chip-coating/substrate tribosystem [16] . In a recent investigation [1] , it was reported that compared with uncoated carbide tools, the TiN coating resulted in a reduction in the percentage of heat transferred to the cutting tool.
Numerous investigations on coatings resistance from a mechanical point of view, i.e. abrasion, attrition, etc., exist [17] . However, few studies have treated the influence of coatings from a thermal point of view. Grzesik [18] reported that the use of an appropriate coating decreased the friction coefficient at the tool-chip contact area. Klocke et al. [14] also indicated that the coating modified the contact condition, reducing friction and adhesion. In addition, Akbar et al. [1] reported that the TiN coating modified the contact condition and reduced adhesion. Grzesik [16] proposed that the average tool-chip interface temperature and the fraction of heat transferred into the tool depend on the thermophysical properties of the workpiece and the coating. Hence, an appropriate selection of metal-on-coating pair reduces the cutting temperature and allows heat transfer into the chip to be controlled. Grzesik [19] also highlighted that an Al 2 O 3 coating can act as a thermal barrier. In related work, Du et al. [20] found a very slight influence of the Al 2 O 3 coating on the temperature in the tool and explained this by its lower thermal conductivity compared with other coatings.
While the heat partition effects of coatings have been postulated in literature, very little quantitative evaluation has been reported. Heat partition values are usually assumed for finite element method (FEM) modelling using uncoated cutting tools. These values were reviewed by the present authors in an earlier publication [1] , but there is no other work reported on (Ti, Al)N coating in the HSM regime. However, the robustness of FEM and other numerical models is strongly dependent on thermomechanical parameters such as heat partition into the cutting tool. This paper has investigated and quantified the heat partition benefits of using (Ti, Al)N coating. Cutting experiments and numerical (FEM) simulations were used to quantify heat partition. The experiments were conducted on AISI/SAE 4140 high-strength alloy steel which was turned using TiN-and (Ti, Al)Ncoated tools. One novelty of the approach is the application of non-uniform heat flux in the model obtained from an experimental quantitative determination of sticking and sliding zones along the tool-chip interface. The acquired data consisting of cutting forces, chip thickness, tool-chip contact area, and sticking and sliding lengths were used for heat source characterization which was applied in the finite element simulations.
EXPERIMENTAL INVESTIGATIONS

Experimental details
The cutting tests in the present investigation were conducted on a Dean Smith & Grace Lathes machine and a Kistler 9263 three-axis piezoelectric dynamometer was used to measure cutting forces. The cutting inserts had geometries designated as TCMW 16T304 (ISO specification) (triangular shape insert with 0.4 mm nose radius, 3.97 mm thickness, and 7 clearance angle). TiN and (Ti, Al)N coatings of 5 mm thickness were applied on two sets of inserts whose substrate material was carbide. The coating microhardness was measured experimentally on a Buehler 5114 microhardness-testing machine with 300 g load for both TiN and (Ti, Al)N coatings. The results are shown in Table 1 . A prebored workpiece of AISI/SAE 4140 (Rockwell C hardness, 23.9 HRC) high-tensile alloy steel with an external diameter of 200 mm and a tube thickness of 2.5 mm was used in the cutting tests. The experimental set-up is shown in Fig. 2 . AISI/SAE 4140 was chosen as it has many diverse applications in the manufacture of automobile components such as crankshafts, piston rods, steering components, axles, gears, and high-resistance screws. Experimental conditions were similar for both cutting tool materials. The cutting tests were performed at eight different cutting speeds of 100 m/min, 197 m/min, 314 m/min, 395 m/min, 565 m/min, 628 m/min, 785 m/min, and 880 m/min. These cutting speeds were set by the available spindle speeds on the conventional lathe. The feed rate and depth of cut were kept constant at 0.1 mm/rev and 2.5 mm respectively. The used tools were analysed using a scanning electron microscope equipped with an energy-dispersive X-ray analysis (EDXA) facility to quantify the sticking and sliding zones. The process parameters were selected as appropriate to the cutting tests in the HSM range.
To analyse the surface quality of the freshly coated tools, the surface roughness was measured on the rake face of the new cutting inserts using a Wyko 1100 NT white-light interferometer equipped with imageprocessing software. The average surface roughness was calculated at regular intervals along the contact length of the inserts. These measurements indicated that TiN had a better average surface finish of 0.21 mm compared with the (Ti, Al)N which was 0.27 mm.
Temperature measurements
Temperatures were measured using an infrared (IR) thermal imager FLIR ThermaCAM SC3000, which has a long-wave and self-cooling analysis system. This system allows extensive analysis of highly dynamic objects and events typically found in metal-machining research applications. The strong advantages for the present application are due to the small target size and the high spatial resolution achievable with IR cameras. The IR camera used within this study has a thermal sensitivity of 20 mK at 30 C, an accuracy not better than 1 per cent or 1 C for temperatures above 150 C and less than 2000 C. The quantum well infrared photon detector has a spectral range 8-9 mm with a resolution of 320 · 240 pixels. The system provides for automatic atmospheric transmission correction of temperature based on input distance from the object, atmospheric temperature, and relative humidity. A continuous electronic zoom (1-4 ·) is also provided.
The system can acquire images in real time or at high speed (up to 750 Hz) with a reduction in the picture size so that each frame contains more than one image. The captured images are transferred to a dedicated personal computer with special built-in ThermaCAM analysis software (by FLIR Systems). The spatial resolution of the system depends essentially on the IR camera spectral range (8-9 mm for the camera used), the instantaneous field of view (IFOV) of the camera and the microscope lens. However, the limit of the camera's spectral range and the IFOV cannot be lowered irrespective of the lens magnification. The IR thermal imager, FLIR ThermaCAM SC3000, was mounted near the machine turret and placed directly over the tool rake face during the cutting tests. The cutting tool temperatures were measured at three different points P 1 , P 2 , and P 3 on the tool rake face, as shown in Fig. 3 . These three spots were appropriately selected as prominent observable locations on the rake face of the cutting tool. The thermal imaging system enabled the generation of thermal history of the cutting tool insert rake face at distances away from the chip flow zone for points P 1 , P 2 , and P 3 . The points were selected to observe the thermal images clearly and to avoid the effect of chip obstruction during machining.
The real temperature of an object depends strongly on the emissivity of the material, which is of particular concern when a thermal imaging camera is used. An accurate calibration of the thermographic system was carried out to find the emissivity values of the cutting tool surface materials (TiN-and (Ti, Al)Ncoated inserts). Samples were heated to temperatures ranging from 100 C up to 900 C in an oven. A thermal imaging camera was used to read the inserts temperature and the emissivity was adjusted until the temperature reading of the thermal imager matched a thermocouple reading. 15 emissivity values were obtained at each temperature level. A mean of these values was then used for the camera setting. The average emissivities of TiN-and (Ti, Al)N-coated inserts were determined to be 0.21 and 0.45 respectively at 700 C. Small variations in tool emissivity in the temperature range 450-900 C given by 0.21 -0.005 46 for TiN and 0.45 -0.006 48 for (Ti, Al)N were observed.
NON-UNIFORM FRICTIONAL HEAT SOURCE ANALYSIS
A non-uniform frictional heat flux of the secondary heat source along the contact length cannot simply be treated as uniform owing to the presence of sticking and sliding zones which characterize the contact phenomena in machining. This distinction is highly dependent on the tool and the workpiece materials, as well as on cutting conditions. In the sticking zone, the shear stress (t sh ) can be assumed to be constant along the entire sticking (seizure) contact length up to x ¼ l st , where x is the distance from the cutting tool edge. In the sliding zone, this shear stress reduces to zero at the point where the chip departs from the tool rake face. According to Wright et al. [21] , the shear stress t sh in the sticking region can be computed from
where l st is the sticking length of the tool-chip contact zone, l sl is the sliding length of the tool-chip contact zone, a p is the depth of cut, and F fr is the frictional force which can be calculated from ( Fig. 4 )
where F c is the cutting force, F f is the feed force, and g is the rake angle. In this study, the heat flux q(x) along the sticking zone is defined as t sh V ch (x 6 l st ) which then linearly decreases to zero along the sliding contact zone (l st < x 6 l ch ) [21] [22] [23] . 
FINITE ELEMENT SIMULATIONS
A heat transfer model of a three-dimensional tool was constructed using the commercial finite element analysis software, ABAQUS/Standard (6.6-1). A transient heat conduction analysis was carried out with adiabatic boundary conditions and an initial temperature of 25 C. Convection boundary conditions were also applied, with relative air flow caused by workpiece rotations. The non-uniform frictional heat flux q at the tool rake face was calculated from cutting mechanics as described in section 3. The type of element used to model the whole cutting assembly was a four-noded tetrahedral heat transfer element DC3D4. The tool was modelled as a perfectly rigid body as tool materials have significantly high elastic moduli. The analysis was based on an estimated uniform or non-uniform heat flux as appropriate, applied over the experimentally established tool-chip contact area on the rake face of the cutting inserts. The actual geometries of the insert and the tool holder were used in the model. Figure 5 shows the finite element meshed model. In the meshing scheme, regions with large temperature gradients were refined considerably to improve the accuracy. Temperature-dependent thermal conductivity and specific heat values were used as given in Table 2 . This is particularly essential for HSM where high temperatures are evaluated. The boundary conditions were applied to the model for thermal analyses as follows: the cutting insert, shim seat, and tool-holder interaction surfaces were assumed to be smooth and held together with a rigid clamping system and were assumed to be in perfect contact. Initially the whole model was set at a room temperature of 25 C. For non-interactive surfaces of the cutting insert, shim seat, and workpiece, heat losses due to heat convection were calculated using a convective heat transfer coefficient h ¼ 20 W/m 2 K [24].
Determination of heat partition (R T ) into the cutting tool
FEM was used in an inverse procedure aimed to identify the heat (R T ) flowing into the cutting tool. The aim of the algorithm was to minimize the difference between the predicted and the experimental steady state temperatures at multiple points (see Fig. 3 ). Heat partition into the cutting tool was obtained using the hybrid FEM-experimental technique, which was recently presented by the present authors [1] . For clarity, a brief description of this approach is summarized here. This approach was used for a complete set of experimental tests discussed in section 2. For each test, the convergence on the minimum difference was found after a few iterations. Figure 6 shows the variation of cutting forces with cutting speed. The cutting force decreases when the cutting speed is increased from 100 m/min to 314 m/min, marginally increases with the cutting speed up to 395 m/min, and subsequently decreases in the high-speed cutting region for TiN-coated tools.
On the other hand, for (Ti, Al)N-coated tools, cutting forces gradually decrease when the cutting speed is increased from 100 m/min to 880 m/min. In general, the experimentally measured cutting and feed forces values for the TiN-coated tools are slightly higher than for the (Ti, Al)N-coated tools over the whole range of cutting speeds. The feed force also decreases gradually when the cutting speed is increased in all the cutting tests for both TiN-and (Ti, Al)N-coated tools.
Shear angle and tool-chip compression ratio
The shear angle f and the chip compression ratio l h can be computed from [33] ¼ tan À1 cos g l h À sin g ð3Þ
where g is the rake angle and l h is the chip compression ratio given by
where t c is the chip thickness after cutting and t is the undeformed chip thickness. angle f with the cutting speed. For TiN-coated cutting tools, the chip compression ratio decreases while the shear angle increases when the cutting speed is increased from 100 m/min to 880 m/min. This is due to a decrease in the deformed chip thickness t c . For (Ti, Al)N-coated cutting tools, a similar trend is observed; i.e. the chip compression ratio decreases while the shear angle increases for the whole range of cutting speeds. In general, the chip compression ratio is an important variable which is used in evaluating the amount of deformation of the chip and the shear angle. An increase in the shear angle reduces the area of the shear plane, thereby concentrating heat generation in a narrow zone and hence raising the temperature of the primary deformation zone.
Tool-chip contact area
The tool-chip contact area along the rake face of the cutting tool can affect the mechanics of machining, heat generation, and heat partition into the cutting tool. In this study, the tool-chip contact area of the worn TiN-and (Ti, Al)N-coated inserts was obtained at different cutting speeds from a scanning electron microscope equipped with image-processing software. Sample SEM images of the used inserts are shown in Fig. 9 . Figure 10 presents the calculated tool-chip contact area obtained from the SEM images of the worn inserts at different cutting speeds for TiN-and (Ti, Al)N-coated tools. It is observed that the contact area is affected by the cutting speed. For TiN-coated tools, there is a consistent decrease in the contact area when the cutting speed is increased from 100 m/min to 880 m/min. On the These results clearly show that, for most cutting speeds, TiN coatings mitigate the expansion of contact area compared with the (Ti, Al)N-coated tools.
Determination of the sticking and sliding regions
SEM and EDXA were used to distinguish between the sticking and the sliding regions from an examination of the tool-chip contact region for carbide tools. The worn inserts were examined by SEM using a backscattered imaging mode for all cutting speeds. The contact length was scanned for evidence of iron (Fe) transfer from the chip. The evaluation of this Fe transfer intensity was taken on a cross-sectional plane of the contact area for both TiN-and (Ti, Al) N-coated tools in the direction of chip flow. Figures 11(a) to (f) show the EDXA maps of Fe concentration on the rake face of the cutting inserts for TiN-and (Ti, Al)N-coated tools for three cutting speeds of 100 m/min, 565 m/min, and 880 m/min. All the micrographs show a low concentration of Fe about the cutting edge and this can be attributed to the effect of the tool edge radius. For TiN-coated tools, Fig. 11(a) shows that at 100 m/min the tool rake face is not dominated by Fe transfer from the workpiece, hence providing evidence that seizure does not occur at this cutting speed. As the cutting speed is increased to 565 m/min ( Fig. 11(b) ), the nature of the contact remains the same and the tool rake face is not dominated by a significant amount of Fe transfer, thereby suggesting that the tribological phenomenon of sliding takes place. For a higher cutting speed of 880 m/min, slightly high peaks of Fe appear near the edge of the rake face within the contact length ( Fig.  11(c) ). These Fe peaks support a slightly dominant sticking condition. In summary, it can be concluded from Figs 11(a) to (c) that, for TiN-coated cutting tools, no significant sticking or seizure occurred for 100 m/min and 565 m/min, with 32 per cent sticking and 68 per cent sliding at 880 m/min. For (Ti, Al)N-coated tools, at a low cutting speed of 100 m/min, no significant concentration of Fe is present (less than 10 per cent), indicating the absence of material transfer or sticking and hence supporting a dominant sliding condition ( Fig. 11(d) ). When the cutting speed increases to 565 m/min, still no dominant Fe concentration is present ( Fig. 11(e) ), again supporting a prevalent sliding condition. At the highest cutting speed of 880 m/min ( Fig. 11(f) ), about 48 per cent of the contact area shows a significant Fe transfer, and hence a 48 per cent sticking (seizure) and 52 per cent sliding is established for this case. It is worth noting that TiN-coated tools reduce the sticking of the work material compared with the (Ti, Al)N-coated tools in the HSM region.
Heat partition into the TiN-and
(Ti, Al)N-coated cutting tools Figure 12 shows typical simulation results for temperature distribution at the cutting insert for a nonuniform heat input at a cutting speed of 565 m/min for TiN-and (Ti, Al)N-coated tools. These distributions clearly show the presence of high temperature gradients near the cutting edge. Very high temperatures are obtained, as expected, owing to the high strength of the machined workpiece alloy and high depth of cut which was set at 2.5 mm.
In the estimation of heat partition into the cutting tool with the hybrid FEM-experimental approach, a slight disagreement was observed between 'singlepoint' and 'multiple-point' temperature matching for both TiN-and (Ti, Al)N-coated tools. The tool temperatures obtained from the simulations were compared with the experimentally measured temperatures for uncoated tools. These are presented in Table 3 for three locations P 1 , P 2 , and P 3 defined in Fig. 3 . The errors due to location uncertainty in measurements are considered small because the temperature gradients at these locations are rather insignificant. These results indicate that the tool-chip contact area is more sensitive to heat partition and temperature response than it is to the measurement locations. A systematic analysis has shown that a difference of 10 per cent in temperature values at the specified measurement locations produces a 16 per cent change in heat partition obtained from the corresponding simulations. It is also noted that Fig. 10 Variation in the tool-chip contact area with the cutting speed temperature reductions obtained from the simulations are between 5 C and 10 C, similar to the variation in the experimental measurements. This variation could be because, when one point is selected for temperature matching, the thermal plane does not capture the complete variation in the nonuniform heat flux. Furthermore, it is likely that this non-uniform heat flux also varies in the depth of cut direction, driven by chip curl. The finite element thermal analysis of heat partition into the cutting tool is validated by its comparison with the experimentally measured temperatures with thermal imaging camera at three different spots P 1 , P 2 , and P 3 . In general, good agreement between temperatures is obtained. The difference in the temperature values at P 3 is higher than at the other two measured locations because P 3 is furthest away from the tool-chip contact area zone. Generally, the simulations underestimate temperatures at the beginning of turning at low speeds but in high-speed regions the temperatures are overestimated. Over the range of cutting speeds, the percentage difference is less than 5 per cent, which is reasonable for the three different thermal imaging camera locations P 1 , P 2 , and P 3 . In summary, good agreement between experimentally measured and finite element temperatures at three different locations throughout the turning process validates the proposed hybrid FEM-experimental approach to predict heat partition into the coated cutting tool. The tool temperatures for (Ti, Al)N-coated tools obtained from the simulations are compared with the experimentally measured temperatures. These are presented in Table 4 for the three measurement 100  160  191  136  158  188  130  314  130  240  121  129  240  120  565  120  186  110  125  224  112  785  124  220  107  125  225  111  880  130  240  108  130  241  114 locations P 1 , P 2 , and P 3 . Like TiN-coated tools, these results also indicate that the thermal properties and tool-chip contact area are more sensitive to heat partition and temperature response than to measurement locations. Figure 13 compares heat partition into the cutting tool for TiN-and (Ti, Al)N-coated tools following the hybrid FEM-experimental approach and multiplepoint temperature matching. For both TiN and (Ti, Al)N coatings the graph shows a notable change in trend at 400 m/min. The mechanism for the change in heat partition when the cutting speed approaches 400 m/min needs further investigation. However, the contact area has been found to be a dominant influence on heat partition. The cutting speed of 400 m/min represents the HSM transition zone where the trend for a reduction in the contact length with increasing cutting speed, as experienced in conventional machining [34, 35] , changes and starts to increase. This is driven by the change in the sliding contact phenomenon. This trend has been reported in earlier work by Abukhshim et al. [36] .
For TiN-coated tools, heat partition varies from 35 per cent down to 9.5 per cent. A continuously decreasing trend for heat partition into the cutting tool is observed with TiN-coated tools for the whole range of cutting speeds. For (Ti, Al)N-coated tools, in the conventional cutting speed range from 100 m/min to 395 m/min, the heat partition coefficient obtained varies from 38 per cent down to 16 per cent. When the cutting speed is increased above 395 m/min in the HSM region, the nature of the contact changes and the tool-chip contact length and hence the contact area decrease for (Ti, Al)N tools. As a consequence, Fig. 13 shows that the fraction of heat flowing into the (Ti, Al) N-coated tool gradually decreases with increasing cutting speed and reaches 9.2 per cent at 880 m/min. In summary, this implies that the use of single-layer TiN-coated tools compared with the (Ti, Al)N-coated tools can cause a reduction in heat partition into the cutting tool at a conventional cutting speed but does not do so in the HSM region. In the HSM region, the reduction of heat partition is more dominant for (Ti, Al)N-coated tools. Therefore, it can be concluded that the benefits of reduction in heat partition due to the (Ti, Al)N coating are more pronounced in HSM than in conventional machining.
Thermal effects caused by coatings have an important influence on the tribological behaviour between the cutting tool and the chip. The amount of thermal energy transferred into the chip depends on the thermal conductivity of the coating film deposited on the cutting tool insert. When the thermal conductivity of the cutting tool is low, the temperature in the chip is high, and consequently the fraction of heat entering the cutting tool is low. Furthermore, there is a direct correlation between the tool-chip contact length, the properties of the cutting tool, and the performance of the cutting process. Cutting tool materials with a low thermal conductivity produce more curled chips because of a thermal bimetallic effect. As presented earlier, Table 2 gives the temperature-dependent thermal conductivity values for TiN and (Ti, Al)N cutting tool materials. A more conductive layer would allow higher heat flux to be conducted through it, resulting in a lower temperature at the tool-chip interface. It can be seen from Table 2 that the thermal conductivity values for (Ti, Al)N coating are lower than for TiN tools. It should be noted that (Ti, Al)N film applied to tungsten-based carbide provides the lowest values of heat partition in the HSM region compared to TiN-coated tools. In fact, the (Ti, Al)N coating provides the highest contact temperatures, which allows the friction force to be reduced owing to the formation of an Al 2 O 3 layer from the chip material. It is reasonable to conclude that Al 2 O 3 will only be formed at high cutting temperatures, i.e. at high cutting speeds. This study suggests that this could happen above 395 m/min cutting speeds (crossover point for TiN and (Ti, Al)N heat partition in Fig. 13 ).
In addition, the Al 2 O 3 layer contributes to the reduction in temperature on the substrate, thereby offering a stronger thermal barrier. Additionally the Al 2 O 3 layer has a lower thermal conductivity and therefore less heat can go to the substrate.
CONCLUSIONS
In the machining of AISI/SAE 4140 steel, the use of higher cutting speeds leads to thinner chips, reduced length of the shear plane, and increased thermal loads and hence temperatures. Thus, thermal effects are critical in HSM and hence the selection of an appropriate cutting tool coating system is required. Fig. 13 Variation in the heat partition (R T ) into the cutting tool with the cutting speed A numerical model has been used in this study which in conjunction with experimental results quantifies heat partition into the cutting tools. The results show that a TiN coating causes a larger reduction in heat partition into the cutting tool compared with the (Ti, Al)N-coated tool at conventional cutting speeds.
In the HSM region, on the other hand, the (Ti, Al)N coating is more advantageous than the TiN-coated tool and causes a larger reduction in heat partition into the cutting tool. It may be concluded that, in comparison with the TiN-coated tools, (Ti, Al)N coatings improve the tribological phenomena in the HSM region, by providing a lower thermal conductivity for the tooling systems and ultimately reducing heat partition into the cutting tool.
